Relationships between structural and functional variables in asthmatic lungs at local and global (or lobar) levels remain to be discovered. This study aims to investigate local alterations of structural variables [bifurcation angle, circularity, airway wall thickness (WT), and hydraulic diameter (Dh)] in asthmatic subjects, and their correlations with other imaging and pulmonary function test-based global and lobar metrics, including lung shape, air-trapping, regional volume change, and more. Sixtyone healthy subjects, and 67 nonsevere and 67 severe asthmatic subjects were studied. The structural variables were derived from computed tomography images at total lung capacity (TLC). Airtrapping was measured at functional residual capacity, and regional volume change (derived from image registration) was measured between functional residual capacity and TLC. The tracheal diameter and WT predicted by 61 healthy subjects were used to normalize the D h and WT. New normalization schemes allowed for the dissociation of luminal narrowing and wall thickening effects. In severe asthmatic subjects, the alteration of bifurcation angle was found to be correlated with a global lung shape at TLC, and circularity was significantly decreased in the right main bronchus. While normalized WT increased especially in the upper lobes of severe asthmatic subjects, normalized D h decreased in the lower lobes. Among local structural variables, normalized D h was the most representative variable, because it was significantly correlated with alterations of functional variables, including pulmonary function test's data. In conclusion, understanding multiscale phenomena may help to provide guidance in the search for potential imaging-based phenotypes for the development and outcomes assessment of therapeutic intervention. quantitative computed tomography; bifurcation angle; airway circularity; wall thickness; hydraulic diameter ASTHMA CAN BE CHARACTERIZED by several correlated phenotypes, including airflow obstruction, bronchial hyperresponsiveness, and airway inflammation (8). The hyperresponsiveness and chronic inflammation of airways cause the infiltration of inflammatory cells to smooth muscles and the increase of smooth muscle mass, leading to airway remodeling with thickened wall (and/or narrowed lumen) and subsequent acute or chronic airway obstruction (9, 19, 21) . The National Institutes of Health-sponsored multicenter Severe Asthma Research Program (SARP) (15, 20, 28, 29, 34) has acquired quantitative computed tomography (CT) images at total lung capacity (TLC) and functional residual capacity (FRC), enabling the quantitative comparisons of structural and functional phenotypes, e.g., airway wall area (WA), luminal area (LA), and air-trapping percentage (AirT%), among healthy subjects and nonsevere and severe asthmatic subjects.
ASTHMA CAN BE CHARACTERIZED by several correlated phenotypes, including airflow obstruction, bronchial hyperresponsiveness, and airway inflammation (8) . The hyperresponsiveness and chronic inflammation of airways cause the infiltration of inflammatory cells to smooth muscles and the increase of smooth muscle mass, leading to airway remodeling with thickened wall (and/or narrowed lumen) and subsequent acute or chronic airway obstruction (9, 19, 21) . The National Institutes of Health-sponsored multicenter Severe Asthma Research Program (SARP) (15, 20, 28, 29, 34) has acquired quantitative computed tomography (CT) images at total lung capacity (TLC) and functional residual capacity (FRC), enabling the quantitative comparisons of structural and functional phenotypes, e.g., airway wall area (WA), luminal area (LA), and air-trapping percentage (AirT%), among healthy subjects and nonsevere and severe asthmatic subjects.
Imaging studies (2, 22) have demonstrated significant correlations of CT-based WA with epithelial thickness measures at biopsy. The CT-based LA and WA have also been utilized to compare two disease groups, i.e., asthma and chronic obstructive pulmonary disease (23, 24) . However, the altered structure of airway dimensions in prior studies of asthma remains controversial. An early study (31) on the apical bronchus of the right upper lobe [right bronchus 1 (RB1)] has reported that WA increases in asthmatic subjects, but LA remains the same compared with that in healthy subjects. A large multicenter study (1) of 123 subjects sponsored by SARP has demonstrated the increased WA percentage [WA%, the ratio of WA to the total cross-sectional area (TA)] in severe asthmatic subjects, relative to healthy subjects and nonsevere asthmatic subjects. However, they also concluded that there is no difference in LA between healthy subjects and asthmatic subjects. In contrast, another study (27) has argued that both LA and WA of asthmatic subjects are smaller than those of healthy subjects. The contradictions between studies may relate to the lack of acceptable normalization schemes.
Regarding functional alterations, air-trapping is known to occur in asthmatic subjects, which can be assessed by CT imaging at either FRC or residual volume (RV). Newman and colleagues (30) demonstrated that air-trapping increases in asthmatic subjects, and the increase of air-trapping is primarily observed in severe asthmatic subjects (7, 11) . However, we have recently found that CT density-based air-trapping assessment is sensitive to the imaging protocol. Thus a fraction-based, air-trapping method (11) was introduced to account for variations between data derived from individual centers of a multicenter study. In addition, we employed an image registration technique to observe the characteristics of regional air volume change and lung deformation with two extreme populations, i.e., healthy subjects and severe asthmatic subjects (12) . That study demonstrated that reduced air volume changes in the lower lobes of severe asthmatic subjects (air-trapping) are compensated with the increased TLC vs. FRC volume changes in the upper lobes.
The alterations of structural and functional variables in asthmatic subjects have been reported independently by others. Nonetheless, the link between these variables at global, lobar, or more local levels (2, 14 ) have yet to be established. In this study, we first examine structural alterations of CT-resolved airways with the improved normalization schemes. We then seek to begin the exploration of the links between global and local variables obtained from both CT image and pulmonary function tests (PFT) to identify sensitive CT imaging-based variables. Previous analyses performed within SARP (20, 29) have identified meaningful patient clusters without the use of imaging-based variables. Therefore, the imaging-based variables could help identify meaningful subcategories within asthmatic populations for use in cluster analyses of airway narrowing, altered skeletal structure, increases of wall thickness (WT), and/or air-trapping.
METHODS
Human subject data sets. A total of 195 subjects, consisting of 61 healthy subjects and 67 nonsevere asthmatic and 67 severe asthmatic subjects, were studied. Twenty-five healthy subjects were from Center 1 (University of Iowa). Fourteen healthy subjects, 26 nonsevere asthmatic subjects, and 30 severe asthmatic subjects were from Center 2 (SARP at University of Pittsburgh); 11 healthy subjects, 16 nonsevere asthmatic subjects, and 22 severe asthmatic subjects were from Center 3 (SARP at Washington University in St. Louis); and 11 healthy subjects, 25 nonsevere asthmatic subjects, and 15 severe asthmatic subjects were from Center 4 (SARP at University of Wisconsin). The aim and potential risks of the study were fully explained to each subject, after which written, informed consent was obtained. These data, except Center 4, were previously used to develop a fraction-based air-trapping measure (11) . The imaging protocols for acquiring CT images were approved by the Institutional Review Boards of the respective institutions. Demography and PFTs, and information related to the scanners and protocols of the various institutions, can be found in Tables 1 and 2 . Major criteria used to define severe asthma included treatments with oral corticosteroids and high-dose inhaled corticosteroids, along with several minor criteria. At least one major and two minor criteria were required to be classified as severe asthmatic subjects. All asthmatic subjects who did not meet criteria for severe asthmatic subjects were classified as nonsevere asthmatic subjects (40) .
Structural variables. We extracted average airway LA, TA, perimeter of LA (P e), and the one-dimensional (1D) skeleton of the tracheobronchial tree using the VIDA pulmonary analysis software (Pulmonary Work Station and Apollo; VIDA Diagnostics, Coralville, IA) with the CT images at TLC. The LA, TA, P e, and 1D skeleton were estimated from three-dimensional airway masks (Fig. 1 ) via a robust airway segmentation algorithm (38) . All of the airway values were averaged from the middle region (30 -70%) of an airway segment by excluding the first 30% of the proximal region and the last 30% of the distal region.
First, the 1D airway skeleton was used to calculate bifurcation angle as follows.
where d1 and d2, (dot), and | | denote directional vectors of daughter branches, inner product of two vectors, and magnitude of the vector, respectively. In this study, the angle of a named segment (Fig. 1) represents between daughter branches of the corresponding segment.
Next, WA was calculated by the subtraction of LA from TA, and the percentage of airway WA was defined as follows ( Fig. 2A) Values are means Ϯ SD; n, no. of subjects. BMI, body mass index; TLC, total lung capacity; FRC, functional residual capacity; RV, residual volume; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s. TLC, FRC, and RV of two healthy and three nonsevere asthmatic and one severe asthmatic subjects were not available, and only FRC of one nonsevere asthmatic subject was not available. ANOVA tests with Tukey's post hoc tests were performed for "populations: healthy subjects vs. nonsevere asthmatic subjects vs. severe asthmatic subjects." *P Ͻ 0.05 for healthy subjects vs. nonsevere asthmatic subjects.
†P Ͻ 0.05 for nonsevere asthmatic subjects vs. severe asthmatic subjects. ‡P Ͻ 0.05 for healthy subjects vs. severe asthmatic subjects. Figure 2C shows that Cr equals 1 if luminal shape is circular, whereas it decreases with increasing noncircularity. An important parameter related to pulmonary airflow resistance, i.e., hydraulic diameter (D h) was defined as follows:
where D h is associated with either "LA and Pe" or "Cr and Pe", determining the airflow resistance of noncircular airways. To sum up, , Cr, WT, and D h could be utilized to evaluate altered skeletal structure, heterogeneity of airway shapes, wall thickening, and luminal narrowing, respectively.
Functional variables.
To control inter-and intracenter variability, instead of the existing method that is based on a fixed threshold of CT density (I less than Ϫ850) (7), we used a fraction-based method (11) employing air fraction (␤ air,threshold ϭ 0.9) to calculate adjusted thresholds (Ithreshold) as follows:
I threshold ϭ␤ air,threshold HU air,trachea ϩ ͑1 Ϫ ␤ air,threshold͒ HU tissue (5) where HU air,trachea is Hounsfield units of air in the trachea and was extracted from the trachea, and HUtissue is Hounsfield units of tissue and was set to 55. A voxel was regarded as an air-trapped voxel if I is below I threshold, then AirT% is defined as the ratio of the number of air-trapped voxels to the number of voxels in the whole lung (or respective lobes) at FRC. Furthermore, via an image registration technique (12) , the Jacobian (J) was calculated to estimate local volume expansion from FRC to TLC scans at the voxel level. To reduce the size of these very large data sets, we calculated the median of J in each lobe for assessment of their correlations with the structural variables. In addition, our laboratory's previous study (11) has derived two sensitive imaging-based global variables. One method utilizes the ratio of air-volume change in the upper lobes to that in the middle and lower lobes, denoted by U/(M ϩ L)|v. This metric represents the lobar distribution of air volume change between TLC and FRC. A second method utilizes the ratio of apical-to-basal distance to ventral-to-dorsal distance at TLC, called a lung shape metric. The former is considered as a global functional variable, and the latter a global structural variable. In asthmatic populations, the U/(M ϩ L)|v increases, whereas the lung shape decreases. The two global variables were employed to explain local alterations of and WT*.
Regions of interests.
Based on anatomical labeling, 35 segmental regions of interest (ROIs) were chosen ( Fig. 1) . The aforementioned structural variables can be classified into two types: orientation independence vs. orientation dependence. The orientation-independent variables included LA, TA, WA, WT, Cr, and D h. Analysis of the orientation-independent variables allows grouping of ROIs in proximity to facilitate data analysis. We grouped relatively small segments into five subgroups to study the correlations of average "local" structural variables with "global" PFT-based and "lobar" image-based functional variables. Here, among 35 segmental ROIs, 19 relatively small segments were grouped into five subgroups of right-upper-lobe (sRUL), right-middle-lobe (sRML), right-lower-lobe (sRLL), leftupper-lobe (sLUL), and left-lower-lobe (sLLL). They are sRUL ϭ (RB1, RB2, RB3), sRML ϭ (RB4, RB5), sRLL ϭ (RB6, RB7, RB8, RB9, RB10), sLUL ϭ [left bronchus 1 (LB1), LB2, LB3, LB4, LB5], and sLLL ϭ (LB6, LB8, LB9, LB10). Those grouped branches belong to the respective lobes, as illustrated in Fig. 1 . Thus, for the analysis of orientation-independent variables, we analyzed 21 ROIs: 16 largesegmental ROIs, and 5 grouped ROIs. On the other hand, is an orientation-dependent variable, depending on the alignment of child branches, e.g., with the apical-to-basal axis, the ventral-to-dorsal axis, or the left-to-right axis. For the analysis of orientation-dependent variables, we analyze only 20 branches up to 3 (upper lobes) or 5 (lower lobes) generations (Fig. 1) .
Normalization of dimensional variables. Multiple linear regressions of tracheal diameter (D trachea) and tracheal WT (WTtrachea) were performed with explanatory variables of age, sex, and height for 61 healthy subjects. The explanatory variables were selected based on previous studies of airway sizes and lung volumes (5, 6, 13, 16, 35) . Next, the predicted values of D trachea and WTtrachea from healthy subjects (Dtrachea,pred and WTtrachea,pred) were utilized as references to normalize the corresponding airway variables of healthy and asthmatic populations. Thus LA, TA, WA (area), and D h (length) were normalized by D trachea,pred 2 and Dtrachea,pred, respectively, whereas WT was normalized by WTtrachea,pred. It is noted that WA could be normalized by D trachea,pred 2 , because WA was significantly correlated with D ave 2 (r ϭ 0.86) in trachea, whereas WT required an independent normalization scheme because WT was less significantly correlated with D ave in trachea (r ϭ 0.51). These normalized quantities were denoted with an asterisk as LA*, TA*, WA*, WT*, and Dh*.
Statistical analysis. Kruskal-Wallis tests, along with Nemenyi's post hoc tests with 2 approximation (32) were performed to examine whether the regional airway features differ between healthy subjects, nonsevere asthmatic subjects, and severe asthmatic subjects. We have taken 0.05 as the significance level in all tests, and this controls the false discovery rate (FDR) of multiple comparisons at 12.5% (e.g., 4.7% for P ϭ 0.01), estimated by the reported Kruskal-Wallis P values and using the method of Benjamini and Hochberg (4). Furthermore, Pearson and Spearman linear correlation tests were employed, and the significance level of the correlation tests was taken as 0.01, which controls the FDR of multiple comparisons at 2.9%. The software R (37) was used for statistical analysis (http://www. R-project.org). 
RESULTS

Normalization.
With the multiple linear regression of 61 healthy subjects, the D trachea,pred was predicted as follows: With the same healthy subjects, WT trachea,pred was predicted as follows:
WT trachea,pred ͑ mm ͒ ϭ4.5493 Ϫ 0.5007 sex ϩ 0.3007 log 10 ͑ age ͒ ϫheight (7)
The adjust R 2 and AIC were 0.37 and 53, respectively, for this regression model, which was a better prediction than the case with the main effects of height and age (adjusted R 2 ϭ 0.36 and AIC ϭ 56). WT trachea also shows the most significant correlation with sex (r ϭ Ϫ0.60) as in D trachea , which is neglected in BSA-based normalization. Figure 3 shows that of RMB and RB3 in severe asthmatic subjects were smaller than those in healthy subjects, and of LB1ϩ2ϩ3 in severe asthmatic subjects was larger than that in healthy subjects. Next, of severe asthmatic subjects was smaller in RMB and larger in LB1ϩ2ϩ3 than those of nonsevere asthmatic subjects. The FDR rates for respective P values in RMB, RB3, and LB1ϩ2ϩ3 were 4.2, 1.7, and 8.6%, respectively. In addition, the differences of in RB1 (P ϭ 0.085), LMB (P ϭ 0.058), and LB1ϩ2 (P ϭ 0.069) were close to the borderline of significance. The alterations of were largely associated with the lung shape (the ratio of apical-basal distance to ventraldorsal distance). For instance, the decreased in RMB, RB3, and LMB were correlated with a decrease of lung shape, as r ϭ 0.23, 0.33, and 0.23 (P Ͻ 0.01), respectively. In contrast, the increased of LB1ϩ2ϩ3 was also correlated with the decrease of lung shape, as r ϭ Ϫ0.38 (P Ͻ 0.0001), respectively. In addition, we found that the increased of apical bronchi, e.g., RB1 (r ϭ 0.30) and LB1ϩ2 (r ϭ 0.24), were correlated with the increased air volume change in upper lobes, i.e., increased U/(M ϩ L)|v (P Ͻ 0.01).
Bifurcation angle ().
Cr. The decrease of Cr (i.e., increase of noncircularity) in severe asthmatic subjects was mostly seen in ROIs of RMB, TriRLL (RLL trifurcation), and sRML (Table 3) , compared with that in healthy subjects. The statistical difference of Cr was the most significant in RMB between healthy subjects and severe asthmatic subjects, and the mean Cr of nonsevere asthmatic subjects fell between two extreme groups. The decreased Cr has significant correlations with PFT's variables, e.g., forced expiratory volume in 1 s (FEV 1 )/forced vital capacity (FVC) (r ϭ 0.27) and RV/TLC (r ϭ Ϫ0.25) (P Ͻ 0.001). On the other hand, Cr of TriLUL (LUL trifurcation) in severe asthmatic subjects tended to be larger than that of healthy subjects (P Ͻ 0.001), and it was found to be different from the general characteristics of decreased Cr in severe asthmatic subjects. It is presumably due to its short length. In fact, if the segmental length between proximal node and distal node is short, Cr may decrease due to branching patterns. Our analysis also demonstrated that the segmental lengths of severe asthmatic subjects (13.3 Ϯ 3.0 mm) and nonsevere asthmatic Parent branch name of θ Bifurcation angle
Non-severe asthmatic subjects Severe asthmatic subjects (Tables 4 and 5 ). For instance, in severe asthmatic subjects, LA* tended to be larger in trachea and LMB, whereas they were smaller in the RB4ϩ5, TriRLL, RB9ϩ10, sRML, sRLL, LB4ϩ5, TriLLB, sLUL, and sLLL, compared with that in healthy subjects. Those of nonsevere asthmatic subjects fell between healthy subjects and severe asthmatic subjects. Most regions of elevated or reduced LA* , predicted values of tracheal diameter; LA*, normalized luminal area; TA*, normalized total cross-sectional area. *P Ͻ 0.05 for healthy subjects vs. nonsevere asthmatic subjects. †P Ͻ 0.05 for nonsevere asthmatic subjects vs. severe asthmatic subjects. ‡P Ͻ 0.05 for healthy subjects vs. severe asthmatic subjects.
were consistent with the regions of TA*, e.g., trachea, LMB, TriRLL, RB9ϩ10, sRML, sRLL, TriLLB, LB9ϩ10, and sLLL (Table 4 ). The reduced LA* and TA* were mainly observed in middle and lower lobes. WA* of severe asthmatic subjects were larger only in trachea and LMB than those of healthy subjects (Table 5) .
WT*. WA% has been used to assess the degree of airway WT (2). However, the increased WA% was significantly correlated with the reduced LA* (Fig. 4) . Thus it is difficult to conclude that WA% only reflects airway wall thickening in an absolute sense, because the increase of WA% may merely reflect the decrease of LA* without changing WA. In addition, WT* appears equivalent to WA*, but WT* could vary with fixed WA* due to airway constriction/enlargement (Fig. 2B) . Therefore, we focused on WT* to assess wall thickening (Table 6 ), rather than WA* and WA%. Specifically, WT* of RB4ϩ5, sRUL, LMB, LB1ϩ2ϩ3, and LB1ϩ2 in severe asthmatic subjects were greater than those in healthy subjects. WT* of BronInt (bronchus intermedius), RB4ϩ5, sRUL, sRLL, LB1ϩ2, TriLLB, and sLUL in severe asthmatic subjects were also greater than those in nonsevere asthmatic subjects. Overall, the mean WT* in severe asthmatic subjects increased relative to healthy subjects and nonsevere asthmatic subjects, and the most significant increases (P Ͻ 0.01) were observed in upper lobar bronchi. Whereas WT* was little correlated with PFTs and AirT%, the elevated WT* was significantly correlated with the U/(M ϩ L)|v in sRUL (r ϭ 0.27) and LB1ϩ2 (r ϭ 0.26) (P Ͻ 0.001).
D h *. While LA has been mostly analyzed in existing studies to assess airway narrowing, D h * is the most relevant variable in terms of airflow resistance (41) , especially in noncircular airways. Table 7 shows the slightly increased D h * of severe asthmatic subjects in the trachea and LMB, relative to healthy subjects and nonsevere asthmatic subjects, respectively. On the other hand, D h * of severe asthmatic subjects were significantly decreased in most ROIs, such as RB4ϩ5, TriRLL, RB9ϩ10, sRUL, sRML, sRLL, LB4ϩ5, TriLLB, LB9ϩ10, sLUL, and sLLL, compared with those of healthy subjects. We observed that most of the statistical differences between healthy subjects and severe asthmatic subjects were found in lower lobar bronchi. In addition, D h * of nonsevere asthmatic subjects decreased in sRUL, sRML, sRLL, TriLLB, LB9ϩ10, sLUL, and sLLL, relative to healthy subjects, but the statistical difference between healthy subjects and nonsevere asthmatic subjects was less significant than between healthy subjects and severe asthmatic subjects. Figure 5 shows the generational distributions of D h * for three populations. In asthmatic subjects, D h * in the 0th generation (trachea) tends to be larger, whereas it remained similar in respective 1st and 2nd generations, including RMB, LMB, TriRUL, TriLUL, BronInt, and LLB6, compared with that in healthy subjects. D h * then significantly decreased beginning from the 3rd generation of the airways corresponding to the subsegmental airways residing in the lung lobes.
Correlation of structural variables with functional variables. We performed correlation tests of the structural variables at the local segmental level with functional variables of PFTs at global level and AirT% and J at lobar level. Figure 6 , A and B, shows that D h * is the most significantly correlated with FEV 1 / FVC, compared with the other structural variables. We also confirmed that, unlike D h *, the , Cr, and WT* were less correlated with the other PFTs and image-based AirT% and J. In addition, Fig. 6 , C and D, shows that D h * exhibits the significant correlations with FEV 1 % predicted, RV% predicted, and RV/TLC, lobar AirT%, and J. Among PFT variables, D h * exhibited the most significant correlation with FEV 1 /FVC, especially in TriLLB and RB9ϩ10 (Fig. 6C) . Next, D h * was inversely correlated with AirT%, especially in RB4ϩ5, TriLLB, sLLL, RB9ϩ10, and sRLL (P Ͻ 0.001, Fig.  6D ). In addition, reduced D h * was significantly correlated with reduced J, especially in lower lobes. These results confirmed Values are means Ϯ SD. *P Ͻ 0.05 for healthy subjects vs. nonsevere asthmatic subjects. †P Ͻ 0.05 for nonsevere asthmatic subjects vs. severe asthmatic subjects. ‡P Ͻ 0.05 for healthy subjects vs. severe asthmatic subjects.
that constricted airways visible on CT are associated with elevated air-trapping and reduced volume change.
DISCUSSION
We investigated structural alterations of bronchial airways in asthmatic subjects and their correlations with functional quantities, to understand the relationship of global (or lobar) vs. local variables. Linking the multiscale phenomena leads to an alternative approach to the better identification of imagingbased phenotypes, which is a critical step to classifying asthmatic subjects into subgroups. In this study, we focused on alterations of four structural variables of , WT, Cr, and D h in asthmatic subjects to evaluate altered skeletal structure, wall thickening, heterogeneous airway shape, and luminal constriction, respectively. The imaging-based structural metrics could potentially be utilized as objective measures for alterations of local bronchi, leading to an efficient targeted therapy, such as in the application of bronchial thermoplasty. Furthermore, we believe that the tools explored in this study will help in the search for novel phenotypes, aiding in the exploration and application of new therapies.
Among structural variables, WT and D h are associated with dimensional units; thus they require normalization schemes. In many existing studies (18, 27, 36) , BSA or body mass index (BMI) (determined by height and weight) has been used for normalization to control intersubject variability. However, the relationship between BSA (or BMI) and airway size is yet to be confirmed. Earlier studies have reported that D trachea is correlated with sex and height (5, 13, 16) , and that TLC predicted value is determined by sex and height (35) . In addition, Brooks et al. (6) have shown that tracheal area is mainly dependent on sex, rather than on body size. Our multiple linear regression models with sex, age, and height have demonstrated significantly improved correlations, compared with BSA, when evaluating in the trachea, LMB, and RMB in healthy subjects. Furthermore, we have found that sex is the most important variable in determining airway diameter and WT, which is not considered in a calculation of BSA (or BMI).
There have been controversies concerning the increase or decrease of LA and WA in asthmatic subjects. Some studies (3, 27) have reported a decrease of LA in asthmatic subjects, whereas some (2, 31) have reported no difference between healthy subjects and asthmatic subjects. The controversies of LA and WA among existing studies may be attributable to the lack of an acceptable normalization scheme. In addition, most of the studies (2, 18, 27) employed WA% for analysis, because WA and WA normalized by BSA of asthmatic subjects are similar to or even decreased relative to healthy subjects. However, the measure of WA% depends on the net effect of alterations in both LA and WA. In other words, WA% could increase even with reduced LA alone, regardless of the increase of WA (Fig. 6) . Thus caution must be taken in using WA% when evaluating airway wall thickening. It has recently WA% LA* Fig. 4 . Linear regressions between normalized LA (LA*) and WA% in the 21 respective subgroup ROIs with all subjects, i.e., healthy subjects and nonsevere and severe asthmatic subjects. These data support the notion that the use of WA% is a poor metric when seeking to reflect airway wall remodeling because of the strong interdependence with LA*.
been demonstrated that the use of WA% can lead to erroneous conclusions in the assessment of chronic obstructive pulmonary disease-related airway alterations (33) . In addition, constant WA may yield different WT due to airway constriction (Fig. 2B) . Therefore, it is reasonable to use WT rather than WA or WA% in the characterization of airway wall thickening (inflammation) dissociated from the airway narrowing (hyperresponsiveness).
Our laboratory's previous study (11) found that the global variable of lung shape, i.e., the ratio of apical-basal distance to ventral-dorsal distance, at TLC is a sensitive variable in differentiating asthmatic subjects from healthy subjects. Specifically, asthmatic subjects tend to have a smaller lung shape than healthy subjects. In this study, we investigated how the alteration of lung shape at a global level may affect the airway skeletal structure at TLC, and subsequently at a local level. The results have demonstrated that of several specific branches in severe asthmatic subjects are greater or smaller than those in healthy subjects. Intuitively, their spatial correlations with lung shape should be associated with reduced deformation on the apical-basal axis and with an elevated deformation on ventral-dorsal axis. Indeed, the co-planes of the Values are means Ϯ SD. *P Ͻ 0.05 for healthy subjects vs. nonsevere asthmatic subjects. †P Ͻ 0.05 for nonsevere asthmatic subjects vs. severe asthmatic subjects. ‡P Ͻ 0.05 for healthy subjects vs. severe asthmatic subjects. Values are means ϮSD. *P Ͻ 0.05 for healthy subjects vs. nonsevere asthmatic subjects. †P Ͻ 0.05 for nonsevere asthmatic subjects vs. severe asthmatic subjects. ‡P Ͻ 0.05 for healthy subjects vs. severe asthmatic subjects. daughter branches of the above branching angles are mostly aligned with one of these axes.
The bronchial noncircular shape may be caused by heterogeneous distributions of tissue or smooth muscle mass in circumference. The analysis showed that Cr significantly decreases in RMB, TriRLL, and sRML of severe asthmatic subjects, compared with that in healthy subjects (Table 3) , particularly in RMB. WT (measured by WT*) increases in airway segments of the sRUL, LMB, LB1ϩ2, and sLUL in severe asthmatic subjects. It is noted that the elevated WT is mainly observed in upper lobes of severe asthmatic subjects, wheras WT of nonsevere asthmatic subjects remain similar to those of healthy subjects. In fact, the alterations of , Cr, and WT* likely have little association with airway resistance, because their correlations with FEV 1 /FVC were weak (Fig. 6, A and B) . This analysis supports that PFT-based functional alterations are less associated with airway wall thickening, consistent with the study of Kosciuch et al. (25) . In their study, basement membrane thickness of bronchial airways was not correlated with PFT's variables. However, we also found that alterations of and WT* mainly observed in upper lobes are significantly correlated with lung hyperinflation of upper lobes measured by U/(M ϩ L)|v. Thus we speculate that the altered and Cr, along with increased air volume change in the upper lobes, might increase regional particle deposition. This in turn could potentially cause local inflammation of the airway wall and subsequently lead to elevated WT at specific bronchi. Hypothetically, the altered and Cr reflecting airway remodeling observed in large airways could affect wall shear stress, particle deposition, and water loss, which require further investigation via computational fluid dynamics (10, 26, 42) .
Although LA* and D h * show similar characteristics, use of D h * is more appropriate than LA* in quantitative assessment of airway narrowing, because it is directly associated with pressure drop of noncircular airways (41) . We tested correlations of structural variables with different PFT measurements, expiratory image AirT% (air trapping), and J (volume change) between two CT scans at inspiratory and expiratory volumes using image registration. Among PFT variables, FEV 1 /FVC was most strongly correlated with D h * in the lower lobar regions (Fig. 6C) , indicating that the reduced D h * in CT resolved airways was associated with the functional defect of initial forced expiration. Furthermore, RV% predicted values, AirT%, and volume change (J) were significantly correlated with D h *. Thus we have confirmed that the constricted airways detected at TLC image are associated with the trapped air at FRC and the reduced volume changes between FRC and TLC in especially lower lobes.
Recently, Gupta et al. (17) performed imaging-phenotype-based cluster analysis. They grouped asthmatic subjects into three clusters: 1) severe air-trapping with wall thickening and luminal dilation; 2) moderate air-trapping; and 3) severe air-trapping and luminal constriction. Their severe asthmatic subjects were mostly grouped into clusters 1 and 3, and nonsevere asthmatic subjects were largely grouped into cluster 2. However, they only focused on luminal volume and wall volume of one specific branch (RB1) and air-trapping for the whole lung. In contrast, the present study examined local structural variables of all of the CT-resolved branches and functional variables at lobar level. Our findings demonstrate that airway narrowing is observed in lower lobar bronchi, and wall thickening is observed in upper lobar bronchi, indicating preferential regional occurrences of variable alterations. Therefore, it is desirable to perform more comprehensive cluster analyses including global (or lobar) variables of AirT% at FRC, Jacobian J and U/(M ϩ L)|v between TLC and FRC, and lung shape at TLC as well as local structural variables of , Cr, WT*, and D h *, which should classify subasthmatic populations more effectively. The imaging-derived clusters can be potentially associated with clinical phenotypes, such as allergy, onset of asthma, and FEV 1 (20) .
In conclusion, we examined local alterations of imagingbased structural variables in asthmatic subjects and their correlations with global and lobar variables. We found that in asthmatic subjects were locally different from those in healthy subjects, and the local alterations were associated with the lung shape at TLC and U/(M ϩ L)|v. In addition, Cr of severe asthmatic subjects decreases, especially in RMB. More importantly, by using the improved normalization schemes instead of WA%, it was enabled to dissociate the effects of the airway constriction and wall thickening. Thus we demonstrated that D h * is smaller in the lower lobes, and WT* is greater in the upper lobes, of severe asthmatic subjects. We also found that the local variable of D h * observed at TLC is the variable most closely correlated with PFT-based variables, especially FEV 1 / FVC, and lobar variables of air-trapping at FRC (AirT%) and volume expansion from FRC to TLC (J). These findings suggest that these image-based variables may serve as sensitive metrics for assessing local airway alterations and for refining § ‡ § ‡ § ‡ ‡ ‡ § ‡ Non-severe asthmatic subjects Severe asthmatic subjects the cluster analysis and subgroupings of the asthmatic population.
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